Escherichia coli cells are shown to be attracted to the L-amino acids alanine, asparagine, aspartate, cysteine, glutamate, glycine, methionine, serine, and threonine, but not to arginine, cystine, glutamine, histidine, isoleucine, leucine, lysine, phenylalanine, tryptophan, tyrosine, or valine. Bacteria grown in a proline-containing medium were, in addition, attracted to proline. Chemotaxis toward amino acids is shown to be mediated by at least two detection systems, the aspartate and serine chemoreceptors. The aspartate chemoreceptor was nonfunctional in the aspartate taxis mutant, which showed virtually no chemotaxis toward aspartate, glutamate, or methionine, and reduced taxis toward alanine, asparagine, cysteine, glycine, and serine. The serine chemoreceptor was nonfunctional in the serine taxis mutant, which was defective in taxis toward alanine, asparagine, cysteine, glycine, and serine, and which showed no chemotaxis toward threonine. Additional data concerning the specificities of the amino acid chemoreceptors with regard to amino acid analogues are also presented. Finally, two essentially nonoxidizable amino acid analogues, a-aminoisobutyrate and a-methylaspartate, are shown to be attractants for E. coli, demonstrating that extensive metabolism of attractants is not required for amino acid taxis.
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MESIBOV galactose or glycerol (5 g/liter) , or a mixture of the 20 amino acids most commonly found in proteins (0.025 gAiter of each of the amino acids listed in Table 1 except cystine), served as the carbon and energy source in the minimal media, which had a final pH of 7.0. The minimal media for AW405, AW518, and AW539 were supplemented with L-histidine, L-leucine, and L-threonine (0.25 gAliter each).
Glycerol minimal medium containing 6 x 10-4 M (NH4)2SO4 was used to obtain bacteria (strain B14) starved of a nitrogen source. Growth was exponential to an optical density at 590 nm of 0.4, and then stopped. The bacteria were harvested after 4 hr of additional incubation.
Eosin-methylene blue-agar was prepared with Difco EMB agar base and contained 1% glucose and 0.01% streptomycin sulfate. Tryptone agar is tryptone broth containing 1.5% Difco agar.
Aspartate semisolid agar had the following composition: 10-2 M potassium phosphate buffer, pH 7.0; 10-3 M (NH4),2SO4; 10-a M MgSO4; 3 x 10-4 M Laspartate; 10-a M of each of the L-amino acids alanine, arginine, histidine, isoleucine, leucine, methionine, phenylalanine, proline, threonine, and valine; 10-8 M glycine; and 0.25% agar.
Chemotaxis medium consisted of 10-4 M ethylenediaminetetraacetic acid (EDTA) in 10-2 M potassium phosphate buffer, pH 7.0. Glass-distilled water was used to prepare all solutions used in chemotaxis and oxygen consumption experiments.
Chemicals. Chemicals used in chemotaxis and oxygen consumption experiments were purchased from the following suppliers: ,B-amino-n-butyric acid and methylsuccinic acid from Aldrich Chemical Co., Milwaukee, Wis.; D-glucose and succinic acid from Baker and Adamson, Morristown, N.J.; N-acetyl-Lserine, L-alanine, L-a-aminoadipic acid, Larginine, L-asparagine .H 20, L-aspartic acid, Lcysteic acid, L-cysteine * HCl -H2O, L-cystine, disodium fumarate, L-glutamic acid, L-glutamine, glycine, L-histidine, L-homocysteine thiolactone * HCl, Lhomoserine, DL-erythro-,B-hydroxyaspartic acid, DLthreo-,8-hydroxyaspartic acid, L-isoleucine, a-ketoglutaric acid, L-leucine, L-malic acid, L-methionine, N-methyl-DL-aspartate, L-ornithine -HCl, oxalacetic acid, L-phenylalanine, L-proline, D-ribose, L-serine, Lthreonine, L-tryptophan, L-tyrosine, and L-valine (all "A grade"), and L-citrulline ("CfP") from Calbiochem, Los Angeles, Calif.; L-aspartate diamide HCl, L-aspartate a-ethyl ester, isoasparagine, N-methyl-L-serine, and L-serine amide from Cyclo Chemical, Los Angeles, Calif.; ,-alanine, glutathione, and methylamine. HCl from Distillation Products Industries, Rochester, N.Y.; 2-aminoethanol and DL-lactic acid from Fisher Scientific Co., Chicago, Ill.; DL-2-amino-l-propanol HCl and DL-glyceric acid from K & K Laboratories, Plainview, N.Y.; L-aspartate fl-methyl ester-HCl from Mann Research Laboratories, New York, N.Y.; a-aminoisobutyric acid, D-aspartate, hydroxypyruvic acid (Li salt), isoserine, DL-a-methylglutamic acid, D-serine, L-serine methyl ester, and DL-serinol from Nutritional Biochemicals Corp., Cleveland, Ohio; and N-acetyl-L-aspartic acid, L-a-amino-n-butyric acid, -y-amino-n-butyric AlND ADLER J. BACTERIOL.
acid, DL-aspartate dimethyl ester. HCl, D-galactose ("substantially glucose-free"), L-lysine (free base), DL-a-methylaspartic acid. H20, DL-,B-methylaspartic acid, DL-a-methylserine, O-methyl-DL-serine, and sodium pyruvate from Sigma Chemical Co., St. Louis, Mo. Reagent-grade NH4Cl, KOH, NaOH, sodium acetate, sodium formate, and sodium propionate were used. Samples of a number of amino acid attractants were purified to determine whether they were contaminated with small amounts of more attractive substances. Alanine, asparagine, glycine, and methionine were recrystallized several times from water, and glutamic and a-methylaspartic acids were purified by ion-exchange chromatography on a Dowex 1 column (R. E. Mesibov, Ph.D. Thesis, Univ. of Wisconsin, Madison, 1970) . In each of these cases, the purified material exhibited the same threshold as the unpurified material. In the case of threonine, recrystallization several times from water removed a highly attractive, unknown contaminant (possibly serine). The asparagine, methionine, and threonine data presented in this paper were obtained with the purified amino acids.
Stock solutions were neutralized, when necessary, with KOH, NaOH, or, in the case of arginine and lysine, H2SO4. Arginine and lysine hydrochlorides were not used because chloride ion is weakly attractive. Because of their instability, solutions of cysteine, oxalacetate, and pyruvate were prepared just prior to use.
Chemotaxis assay. Cells were adapted to minimal medium (glycerol minimal medium unless otherwise indicated) by overnight growth at 35 C, with rotatory shaking at 200 rev/min (in a New Brunswick gyratory shaker), in 125-ml screw-capped Erlenmeyer flasks containing 10 ml of medium. An inoculum from such an adapted culture was added to fresh minimal medium at an initial optical density (590 nm) of 0.05 (approximately 5 x 107 cells/ml) and grown as described above. When the culture reached an optical density (590 nm) between 0.30 and 0.55, the cells were harvested by centrifugation (8,000 x g for 10 min at 4 C). After washing twice by centrifugation with 4 ml of chemotaxis medium per 109 cells, the bacteria were resuspended in chemotaxis medium at a known concentration between 0.6 x 108 and 1.1 x 108 cells/ml.
In the assay, about 0.3 ml of cell suspension was maintained at 30 C (on a Fisher slide warmer) in a small chamber formed by a glass slide, a glass cover slip, and a sealed, 5 cm long, U-shaped, 1.5 mm glass tube which separated the two. A small capillary (Microcap, 1 Aliter capacity, 3 cm long, 0.2 mm inside diameter; Drummond Scientific Co., Broomall, Pa.) was sealed at one end in a flame, passed quickly several times through the flame, and plunged, open end down, into a 10-ml beaker containing 1 to 2 ml of chemotaxis medium in which a chemical to be tested had been dissolved. As the capillary cooled, liquid was drawn in ca. 1 Oxygen consumption. In the experiments reported in Table 7 , oxygen consumption was measured directly at 30 C with a Gilson differential respirometer. Cells were grown, harvested, and washed as in chemotaxis experiments, and were then resuspended in chemotaxis medium at a known concentration in the range of 3.5 x 108 to 9.0 x 108 cells/ml. Portions (2 ml) of this suspension were added to the main compartment of ca. 15-ml respirometry flasks equipped with a single side arm. The side arm contained 0.5 ml of five times concentrated substrate in chemotaxis medium, and the center well contained 0.2 ml of 10% KOH on fluted filter paper. The flasks were equilibrated for 10 min. Readings were taken every 10 min for at least 1.5 hr, and rates were determined from the straight-line portions of plots of 02 consumed versus time. Reported rates are averages from duplicate flasks. Endogenous rates of 0, consumption were determined by use of 0.5 ml of chemotaxis medium containing no added substrate in the side arm.
The procedure for the experiments reported in Table 8 was similar to the above except that a Warburg respirometer was used and readings were taken every 30 min for at least 2.5 hr.
RESULTS
Amino acids attractive to E. coli. Of 21 Lamino acids commonly found in proteins, 9 were attractive to E. coli strain AW405 grown on glycerol minimal medium ( Table 1 ). The attractive amino acids, in order of increasing threshold, were aspartate, serine, threonine, asparagine, cysteine, glutamate, glycine, alanine, and methionine. Concentration-response curves for these attractants in AW405 are shown in Fig. 1 . 
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No chemotaxis was noted toward arginine, cystine, glutamine, histidine, isoleucine, leucine, lysine, phenylaianine, proline, tryptophan, tyrosine, or valine. Lack of attraction to these compounds is not due to inhibition of chemotaxis by the amino acids themselves, or by contaminating compounds, since the unattractive amino acids did not detectably inhibit taxis toward aspartate or serine (data not shown).
Essentially the same results were obtained with the E. coli strain B14, which, like AW405, is wild type with respect to chemotaxis. A strain difference with regard to threonine taxis is considered below.
The amino acids attractive to glycerol-grown E. coli cells were also attractive to bacteria grown on a mixture of 20 amino acids (see Materials and Methods). Furthermore, with a single exception, growth on 20 amino acids did not "induce" taxis toward any of the unattractive amino acids listed in Table 1 . The exception was chemotaxis toward proline, which is discussed below.
AW405 requires histidine and leucine for growth, yet it was not attracted to either compound (Table 1) . Thus, inability to synthesize an amino acid does not necessarily "induce" taxis toward that compound. Bacteria (strain B14) which had exhausted the nitrogen source in glycerol minimal medium (ammonium ion) exhibite,d the same pattern of amino acid taxis as shown by bacteria grown with excess nitrogen in this medium. Therefore, nitrogen starvation neither "represses" nor "induces" taxis toward amino acids. The response to ammonium ion (a weak attractant, see Table  6 ) was also unchanged.
We now present evidence that amino acid taxis in E. coli is mediated by at least two detection systems, or chemoreceptors. One line of evidence is the existence of two kinds of mutants with complementary defects in chemotaxis toward amino acid attractants. Support for the two-chemoreceptor hypothesis comes from studies of the inhibition of taxis toward one amino acid by a second amino acid attractant.
Amino acid taxis mutants. Strain AW518, here called the "serine taxis mutant," was defective in taxis toward alanine, asparagine, cysteine, glycine, serine, and threonine, with the threshold shifted to a higher concentration in each case ( Fig. 1 and Table 2 ). The complete lack of threonine taxis in this strain is considered later. Chemotaxis toward aspartate and glutamate in the mutant and parent strains was identical. For unknown reasons, responses to methionine and sugars were greater in the serine taxis mutant than in the parent, although thresholds for these compounds were apparently unchanged. Some of the data in Fig. 1 , together with a more complete characterization of the serine taxis mutant, have been presented previously (10) .
Strain AW539, here called the "aspartate taxis mutant," showed no chemotaxis toward methionine, and almost no chemotaxis toward aspartate and glutamate (responses less than 15,000 bacteria at 10-1 M; Fig. 1 ). The asparagine threshold was shifted to a higher concentration, whereas the thresholds for alanine, cysteine, glycine, serine, and threonine were indistinguishable from those in the parent strain (Table 2 ). However, although alanine, cysteine, glycine, and serine responses in the mutant were normal at low concentrations, they were less than normal at high concentrations ( Fig. 1 ). This subnormality does not seem to be the result of a defect in motility or in chemotaxis generally, since response to these four attractants, as mentioned, were normal at low concentrations, and since the aspartate taxis mutant responded almost normally to sugars (Fig. 1) .
Additional aspartate and serine taxis mutants have been isolated in our laboratory, all of which closely resemble either AW518 or AW539 in their chemotactic behavior.
The behavior of the amino acid taxis mutants may be explained as follows (see also tor, which in turn will depend on the concentrations of the two attractants and on the relative affinity of the chemoreceptor for the two attractants.) On the other hand, if the two attractants are detected by different chemoreceptors, the uniform presence of one attractant should have no effect on the response to a gradient of the other. Although inhibition could result from causes other than binding competition, lack of inhibition may be regarded as strong evidence that the attractants are detected by different chemoreceptors. Experiments of this kind were first described by Rothert (12) .
Results with the taxis mutants suggest that aspartate, glutamate, and methionine are detected only by the aspartate chemoreceptor, which is functional in both the serine taxis mutant and the wild-type strain. Aspartate should therefore strongly inhibit taxis toward glutamate and methionine in both strains. As shown in Table 4 , this was the observed result. Aspartate also strongly inhibited threonine taxis in the wild-type strain; the case of threonine is considered separately.
Results with the mutants indicate that alanine, asparagine, cysteine, glycine, and serine are detected by both chemoreceptors. Since aspartate is detected only by the aspartate chemoreceptor, this compound should inhibit taxis toward alanine, asparagine, cysteine, glycine, and serine strongly in the serine taxis mutant, in which only the aspartate chemoreceptor is functional. No inhibition by aspartate should occur in the aspartate taxis mutant, in which the aspartate chemoreceptor is not functional. Only partial inhibition, at best, would be expected in the wild-type, in which both chemoreceptors are functional. These predictions have been borne out in the taxis inhibition experiments (Table 4) .
According to the mutant studies, serine is detected chiefly by the serine chemoreceptor, which is functional in both the aspartate taxis mutant and the wild type. Since alanine, asparagine, cysteine, and glycine are also well detected by this chemoreceptor, serine should strongly inhibit taxis toward each of these attractants in both strains. This prediction has also been borne out (Table 4) . However, serine was also found to inhibit taxis toward aspartate and methionine (strongly) and glutamate (weakly) in the wild type. Since serine has been found to cause partial inhibition of taxis toward galactose, glucose, and ribose in E. coli (data not shown), serine inhibition of aspartate, methionine, and glutamate taxis in the 320 J. BACTERIOL. wild type may represent a general interference with chemotaxis by this compound. The mechanism of the interference by serine is unknown, but may result from a gradient of serine directed away from the mouth of the capillary, opposing the gradient of attractant directed into the capillary. This serine gradient would be formed by the utilization of serine, a highly metabolizable substance (Table 8) , by bacteria accumulating at the mouth of the capillary in response to the attractant (data and interpretation of G. W. Ordal).
The mutant studies indicate that serine is detected poorly by the aspartate chemoreceptor, which shares with the serine chemoreceptor the detection of alanine, asparagine, cysteine, and glycine. In agreement with expectation, serine inhibited taxis toward these compounds less effectively in the serine taxis mutant, in which only the aspartate chemoreceptor is functional, than in the wild-type, in which both chemoreceptors are functional (Table 4) .
Finally, according to the mutant studies, low concentrations of cysteine are detected mainly by the serine chemoreceptor (see Table 2 ), which is functional in both the aspartate taxis mutant and the wild-type. Serine should therefore inhibit taxis toward a low concentration of cysteine equally well in these two strains. High concentrations of cysteine, on the other hand, can also be detected by the aspartate chemoreceptor, which is functional in the wild-type but not in the aspartate taxis mutant. Since serine is poorly detected by the aspartate chemoreceptor, serine should inhibit taxis toward a high concentration of cysteine less effectively in the wild-type strain than in the aspartate taxis mutant. Both predictions have been borne out (Table 5 ). (Serine inhibition of taxis toward a high concentration of cysteine in the serine taxis mutant was considered in the preceding paragraph. At the low concentration of cysteine tested in Table 5 , the cysteine response in the serine taxis mutant was not significantly greater than the background accumulation.)
Chemoreceptor specificity. Tables 1, 2 , and 3 indicate the specificities of the amino acid chemoreceptors with regard to the L-amino acids commonly occurring in proteins. Chemoreceptor specificity was studied further by testing a number of additional amino acids and amino acid analogues in the chemotaxis assay. The results of this study are presented in Table 6 . Several of the compounds listed were tested with the amino acid taxis mutants as well as the strains wild type for taxis. For practical reasons, not all of the compounds were tested with the mutant strains.
With the exception of a-methylaspartate (see Materials and Methods), none of the analogues was purified; hence, the observed responses could be due to contaminating attractants.
Each of the compounds listed in Table 6 was tested at 10-2 M in a taxis inhibition experiment in which galactose (or in some cases glucose) was used as an attractant. In all but four cases, no inhibition of taxis was found, or the inhibition was less than 50%, demonstrating that lack of attraction, or poor attraction, to these compounds was not due to taxis inhibition by the compounds themselves or by contaminating substances. For unknown reasons, N-acetylaspartate, homoserine, hydroxypyruvate, and isoasparagine inhibited chemotaxis toward galactose by more than 50%. These four compounds have therefore been omitted from the discussion which follows.
A general conclusion from the analogue study is that the two amino acid chemoreceptors are adapted for the detection of aspartate and serine, respectively. Even small changes in the structure of either of these attractants result in considerable reductions in detectability.
Replacement of the a-amino group with -H (aspartate versus succinate, glycine versus acetate, alanine versus propionate), -CH. (aspartate versus 2-methylsuccinate), -OH (aspartate versus malate, serine versus glycerate, alanine versus lactate), or a keto function (aspartate versus oxalacetate, glutamate versus aketoglutarate, alanine versus pyruvate) resulted in decreased detectability. Acetylation of the a-amino group (as in N-acetylserine) or methylation (as in N-methylaspartate or Nmethylserine) had the same effect. A free aamino group is clearly important in detection by both chemoreceptors. It is interesting that ammonium ion was detected by the serine system, but not by the aspartate chemoreceptor.
The importance of an a-carboxyl group in detection is revealed by the higher thresholds observed after replacement of this function with -H (aspartate versus ,B-alanine, glutamate versus 'y-amino-n-butyrate, serine versus 2-aminoethanol, glycine versus methylammonium) or a methyl group (aspartate versus f,-amino-n-butyrate, serine versus 2-amino-ipropanol), or upon esterification (as in aspartate a-ethyl ester and serine methyl ester), amidation (as in serine amide), or reduction (as in serinol).
The a-methyl analogues of aspartate, glutamate, and serine were each less attractive than the parent compound, demonstrating that both chemoreceptors "recognize" the a-hydrogen region of amino acid attractants. It is worth noting, however, that whereas the aspartate chemoreceptor detected alanine, but not amethylalanine (a-aminoisobutyrate), the serine chemoreceptor detected these two compounds equally well.
The high thresholds for ,B-methylaspartate and the isomeric 6-hydroxyaspartates suggest that the aspartate chemoreceptor is sensitive to the ,-hydrogen region of the aspartate molecule. Substitution of the ,B-carboxyl group of aspartate with -H (alanine), -CH,, (a-aminon-butyrate), -OH (serine), -SH (cysteine), or -SO,H (cysteic acid), or esterification (as in aspartate ,B-methyl ester) or amidation (as in asparagine) resulted in lower detectability, demonstrating the importance of this function in detection by the aspartate chemoreceptor. An analogous effect was seen in the pair glutamate-glutamine. Replacement of the ,B-hydroxyl group of serine with -H (alanine), -CH,, (a-amino-n-butyrate), or -SH (cysteine), or methylation (as in O-methylserine) reduced the detectability of serine in a similar manner.
The importance of the size of the fourth amoiety in detection by the amino acid chemoreceptors is shown in the decreased detectability of homocysteine versus cysteine, and by increasing thresholds in the series aspartate, glutamate, a-aminoadipate.
Finally, the D isomers of aspartate and serine have at least a 100-fold higher threshold than the L isomers.
It is conceivable that a nonattractive or poorly attractive amino acid analogue could bind tightly to a chemoreceptor without initiating a chemotactic response. Such a compound could be expected to inhibit taxis toward an attractant detected by the same chemoreceptor, in analogy with inhibition of an enzymatic reaction by a nonreacting substrate. Twenty-eight of the least attractive compounds in Table 6 were therefore tested at 10-2 M for inhibition of taxis toward both 10-3 M aspartate and 10-3 M serine, but no inhibition was observed. If nonattractive inhibitory analogues of amino acids exist, they remain to be discovered.
Proline taxis. As mentioned above, chemotaxis toward proline was "induced" by growth on a medium containing 20 amino acids (including proline). However, the response was VOL. 112, 1972 323 on January 11, 2018 by guest http://jb.asm.org/ Downloaded from MESIBOV AND ADLER small (<100,000 bacteria), and the threshold was relatively high (10-3 M) . A high-threshold response to proline also appeared in cells grown on glycerol minimal medium supplemented with 5 x 10-3 M proline, and was observed in both taxis mutants as well as the parent strain (Fig. 2) .
One explanation for these facts would be that proline taxis is mediated by an inducible chemoreceptor distinct from the aspartate and serine detection systems. An alternative explanation would be that the inducible oxidation of proline (Table 8) produces metabolites of proline that are detected by the aspartate and serine chemoreceptors. Either the metabolites are excreted, thus creating additional gradients which attract and are reinforced by other bacteria, or the bacteria are guided in chemotaxis by the internal metabolite levels, which in turn reflect the external concentration of proline.
Insufficient evidence is available at the present time to enable us to choose between the "proline chemoreceptor" and "metabolite" hypotheses for proline taxis.
Threonine taxis. As shown in Fig. 1 , threonine attracted the wild-type strain (AW405) and the aspartate taxis mutant, but not the serine taxis mutant. Serine completely inhibited threonine taxis in the wild-type strain and in the aspartate taxis mutant ( serine chemoreceptor. However, the inhibition of threonine taxis by aspartate in the wild-type strain, but not in the aspartate taxis mutant (Table 4) , is difficult to understand, since in the wild-type strain aspartate did not inhibit taxis toward other attractants detected by the serine chemoreceptor, e.g., serine and cysteine (Table 4) . Threonine apparently was not detected by the aspartate chemoreceptor, since threonine taxis occurred in the aspartate taxis mutant (Fig. 1) .
The wild-type strain B14 grown in glycerol minimal medium failed to be attracted by threonine, yet showed normal taxis to serine (data not shown), suggesting that the serine chemoreceptor is unable to detect threonine. Threonine taxis could be "induced" in this strain by growth in glycerol minimal medium supplemented with threonine and leucine; both amino acids were required to get a maximal response. These two amino acids were routinely added to the growth medium for AW405, since it is a threonine, leucine auxotroph. Like B14, a prototroph derived from AW405 failed to show threonine taxis when grown on glycerol minimal medium but did show normal serine taxis, again making detection of threonine by the serine receptor unlikely. Like B14, the prototroph showed some threonine taxis when the growth medium was supplemented with both threonine and leucine.
Further studies are needed to determine whether threonine is detected by an inducible chemoreceptor or, since threonine oxidation is inducible (Table 8) , by virtue of attractive metabolites of threonine. It should be pointed out that responses to threonine were very small (less than 50,000 bacteria per hr), even under favorable conditions, making threonine taxis a difficult phenomenon to study.
Relationship between attractiveness and metabolism of amino acids. Evidence has been presented (4) that attractant metabolism is neither necessary nor sufficient for chemotaxis toward sugars in E. coli. The finding that two virtually nonoxidizable amino acid analogues are attractants supports the conclusion that extensive metabolism of attractants is also not required for taxis mediated by the aspartate and serine chemoreceptors. The first of these analogues, at-aminoisobutyrate (a-methylalanine), was detected by the serine chemoreceptor (Table 6 ) and was about as good an attractant as alanine (Fig. 3) . However, it was not detectably oxidized (the cells were tested under the conditions used to study chemotaxis; Table 7 ). The second analogue, DL-a-methylaspartate, was detected by the aspartate chemoreceptor (Table 6 ) and was comparable to aspartate in attractiveness (Fig.  4 ). Yet, a-methylaspartate was oxidized at less than 5% of the rate for aspartate when tested under chemotaxis conditions (Table 7) . aMethylaspartate was also a good attractant for B14, yet oxygen consumption rates in the presence and absence of this compound were identical (5 and 6 ,liters per hr per 109 cells, respectively). Since aspartate is oxidized at the same rate in the aspartate taxis mutant and in the parent strain (R. E. Mesibov, Ph.D. Thesis, Univ. of Wisconsin, Madison, 1970) , and serine is oxidized at the same rate in the serine taxis mutant and in the parent strain (10) , it may be concluded, in addition, that attractant metabolism is not sufficient for taxis mediated by either amino acid detection system. Although extensive metabolism of an amino acid is neither necessary nor sufficient for that amino acid to be an attractant, nevertheless the most attractive amino acids (Table 1) were also those that are most rapidly oxidized (Table 8) . However, some well-oxidized amino acids are not attractants, e.g., glutamine and tryptophan.
DISCUSSION
The major conclusion from this work is that there are two detection systems responsible for amino acid taxis in E. coli, the "aspartate chemoreceptor" and the "serine chemoreceptor." A summary of the specificity of these two chemoreceptors for the amino acids commonly occurring in proteins is presented in Table 3 . It remains possible that there are additional chemoreceptors for proline and threonine (see Results). The chemistry of the aspartate and serine chemoreceptors and their mechanisms of action remain to be elucidated.
Hazelbauer and Adler (9) have presented evidence that the galactose-binding protein (6) functions as that part of the galactose chemoreceptor which "recognizes" attractants; this protein was previously known to be involved in the transport of galactose (6, 8 acid-grown cells, respectively).
"couple" the galactose-binding protein to the rest of the chemotaxis machinery. The aspartate and serine chemoreceptors must also contain "recognition components", i.e., components which bind attractants, but these components have not yet been identified. By analogy, such components might be expected to be involved in the transport of aspartate and serine, respectively. However, no defect in serine or alanine uptake has been found in the several serine taxis mutants tested (10; R. W. Reader, unpublished data), and no defect in aspartate uptake has been found in the aspartate taxis mutants studied (R. E. Mesibov, Ph.D. Thesis, Univ. of Wisconsin, Madison, 1970; R. W. Reader, unpublished data) . The aspartate and serine taxis mutants studied so far may therefore be defective in "coupling components" required for the transfer of information from the recognition components of the respective chemoreceptors. 
